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ABSTRACT 
I -  
The put-pose of this program i s  to develop o technique for hot extruding MgO and to 
determine the effect of such hot extrusion on MgO and other oxide bodies. 
Successful extrusion of billets of varying diameter in cl common can shGwed rhar  the 
smallest (1 ") diameter hot pressed billets were free of cracks after extrusion. Thus, crack 
free extrusion of M g 0  i s  feasible. These crack free extrusions were found to fracture 
transversely when cut longitudinally, indicating residual stresses. Annealing for 1 hour 
at 1200OC relieved this stress and resulted in  successful cutting of  extrusions without 
producing cracks. 
Mechanicai testing of these and o t k  r (unannealed) samples shows that extruded Mg0 i s  
stronger than hot pressed MgO with approximate strength- rain size relationships being 
Se = 1.83 x lo5 C--'437psi and SH . .  p = 1.17 x lo5 G-*'17 psi, respectively, where 
Se and SH . .  p = flexural strength in psi of extruded and hot pressed Mg0 respectively, 
and 6 = grain size in microns. 
which normally increases the strength of MgO, reduced strengths of extruded MgO. 
However, chemical polishing in boiling phosphoric acid 
This 
i s  believed to be due to residual stresses in unannealed extruded MgO. d&-gw 
I 
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WORK ACCOMPLIStjfD 
Billet Fabrication 
MgO billets were hot pressed in graphite dies using Vacuum Hot Pressing Procedure 6 
(Appendix). Pressing temperatures and time under pressure as wel l  OS subsequent firing 
tzmperatui-es weie ieduced i o  reduce grain sizes. Resuits are shown in Table 1, 
An AI 03-0.5 w/o Mg0 bi l let was fabricated by techniques similar to those for the 
this materia! are nisc! s h a m  in ?&!e 1. 
MgO f illets. The Mg0 (Fisher) was added by ball milling in cyclohexane. Data for 
B i l l e t  fabrication WQS kept to e minimum pending results of can W O ~ !  thickness (and thus 
bi l let  diameter) studies to determine i f  there i s  a preferred size range of b i l le t  diameters. 
Extrusion 
As reported in Progress Report Number 6(l), a rnultidiameter extrusion (see Figure 1)  was 
successfully prepared and extruded at 23OO0C, 9 to 1 area reduction ratio, and 80 tons per 
square inch. 
Two extrusions (MgO-12 and MgO-13) were made using the heated catch tube (Figure 2). 
During the early stages of extrusion of Mg0-12, the Z r02  lining on the steel extrusion die 
started eroding or spalling off. This resulted in an oversized extrusion which pushed the heated 
catch tube out o f  the way instead of going into it. To prevent this, steel dies coated with 
Zr02 were replaced by solid Zr02 dies which have been shown to be reliable, Mg0-13 
was successfully extruded through a solid ZrO die into the heated catch tube at 2000°C. 
catch tube and fall onto the floor. It was quickly picked up with tongs and put back into 
the heated catch tube before i t  had cooled below an estimated 1300OC. 
However, the extrusion broke near the tail, a ? lowing most of i t  to pass through the heated 
Data on these extrusions i s  shown in Table 2. Table 3 shows data on the ceramic bi l let Mg0-12. 
Material Analysis 
Macroscopic Analysis 
The 1 diameter hot pressed billets o f  the multidiameter extrusion (MgO-1 1 )  extruded without 
apparent cracking, while the 1.5" and 2.0" billets were cracked after extrusion as shown 
in Figure 3. Cracks, both longitudinal and transverse were linear, that is, their intersection 
with a plane parallel or perpendicular to the extrusion axis was generally a straight line, 
as for previous M@ extrusions. However, a few crack-free pieces substantially longer than 
1 
. 
normal were obtained from the 1.5" md 2" billets. All of these billets were readily 
removed from the can and were translucent in sections 0.1 'I thicker or more except 
m-1-2, the powder billet. 
The component billets of extrusion Mg0-12 are shown in Ftgure 4, Some billets are 
bent due to bending of  the extrusion in pushing the catch tube out of the way. Billets 
M-f-2 through the first 1/'3 of MIA-1-4 were readily removed from the can. Only M-f-2 
(fused M g 0  with large crystals) was transparent. These bil lets had some linear cracks, and 
possibly some fine random cracks (except M-f-2). The remaining 2/3 of bi l let MIA-1-4 
and bi l lets M-1-21 and M-2-6 were bonded in the can and highly fractured with random 
cracks. The ,'-A L , I ' -  ucalat L-i-3 7 ' snowed ' some bonding to the tungsten can, but sections could 
he renlwec! frcm L I  "Z ?..e CGZ. The LO2 l i d  u :lack exierior ring and contained dense random 
cracks os shown in Figure 5, 
M. c ros t ru c tu r e 
Grain size data i s  shown in Table 3, Storting (as-received) grain size of the Zr02 billets 
(CaO stabilized) was about 50 microns. The extruded ZrO grain size i s  somewhat smaller 
(30-40 microns), and i s  more equiaxial than grains of extru 2 ed MgO (see Figure 6). 
Electron probe analysis shows that the starting bi l let has significant CaO accumulation 
over much of  the grain boundary area. tqet CaO accumulation was less in the extruded 
Z r 0 2  where CaO accumulation along cracks was frequently more intense than at grain 
boundaries. Iron and hafnium impurities were generally uniformly distributed both before and 
after extrusion. Tungsten was found only as scattered isolated particles averaging about 5 
microns in size, located in cracks or voids, up to 1500 microns from the surface. 
detectable S i  was observed, No difference in the distribution of impurities, Ca, or Zr was 
found between the black exterior ring and the brown interior of the extruded Zr02. 
N o  
Fracture and Strength Analysis 
Mi cro hardness Testing 
Stoloff and Johnston (3) have reported that hardness indentations are not a good measure of 
relative strengths in MgO single crystals with cnd without Mn, but that the inverse of 
the length of dislocation rosettes from Vickers indentations did give a reasonable comparison 
of relative strengths. Groves and Fine (4) have also demonstrated this in crystals of the 
Mg-Fe-0 system. 
The reference w r k  (3) was done on  NO] cleaved surfaces of single crystals. Almost al l  
fracture of extruded MgO i s  by [lW] cleavage of  grains. Therefore, this technique 
was applied to fractures of extruded Mg0 bodies. To obtain experience with this technique, 
both Knoop and Vickers indentations i n  the 5 to 50 gm range were made on cleaved MgO 
single crystals, Etched dislocation rosettes from these indentations showed increasing variation 
with decreasing load for either technique. The more symmetric rosettes from the Vickers 
2 
point were judged to be easier to measure; therefore, a l l  further tests were with Vickers 
points as in the reference work, To determine possible effects of grain boundaries on 
resulting rosettes, series of indentations were made across a bi-crystal boundary, AI though 
some difficulty in repeatibility from series to series was encountered at low weights, the 
low angle boundary of Figure 70 had limited effect on the rosette lengths across the 
boundary in a given series. However, to have greatest confidence in results, i t  was 
desired to use light !oads which would i imit rosettes to a single grain i f  each indentation 
was centrally located in the selected cleaved grain, even though the light load 
indentations gave less uniform results, 
Figure 7b shows that such indentations cou!d be m d e ,  a: 123;: in the larger grains of 
extruded Mg0 
etch pi t  density. 
However, measurement nf rrraetter \.*ICJZ ccmp!ic=ted t.- :ha l-,lglLI itiridorri I 
Further development was not undertaken because extrusion MgO-11 provided specimens 
for direct mechanical testing. 
Mechanical Specimen Preparation and Testing 
Specimens were saved and ground from the longer, uncracked sections of extruded billets 
M-3-7, M-2-11, and M-3-8 with moderate breakage 
frequently fractured by cleavage along the saw line for about the last 10% of the cut, as 
was often observed in earlier extrusions. Sawing either of the uncracked (as indicated by both 
optical and X-ray examination) billets M-3-7 or M-3-5, frequently resulted in cleavage 
fracture of as much as 50% or more of the remaining proposed saw cut as shown in Figure 8, 
After longitudinal cuts, the specimens consistently had macroscopic transverse cracks as 
shown in  Figure 8b. During subsequent longitudinal cutting of transparent slabs from 
earlier extrusions, macroscopic transverse cracks occurred during sawing. 
During sawing, the specimens 
Annealing uncracked extruded pieces for 1 hour in air at 1095'C (20OOOF) allowed 1 out 
of 4 specimens to be cut from 2 sections without apparent transverse cracking. However, 
two small transverse cracks were later found after grinding and polishing, though a section 
with one of the cracks had a strength nearly comparable to other specimens of the same grain 
size. Increasing the anneal temperature to 1205OC (22OOOF) enabled obtaining the 4 specimens 
out of 2 pieces without cracks. 
Chemical polishing of some unannealed specimens was done in boiling phosphoric acid. 
Single MgO crystals included in the polish showed that glossy finishes similar to previous 
single crystal work were obtained, This finish indicates removal of surface flaws. 
All other specimns were tested with a 600 grit sanded surface. 
Testing was by 3 point bending at ambient conditions. The center of the specimen was 
marked to detect off-center failures. Spans were either 0.5" or 0.75", and one test at 1.5". 
Preliminary checking of extruded specimens plus other w rk at Boeing shows l i t t l e  or no 
difference between values in this range of spans i f  only fractures at the center are accepted. 
3 
Strength and Fracture Results 
Modulus of rupture versus grain size for al l  specimens failing at the center of the test span 
are shown in Figure 9, Strengths of Boeing’s best vacuum hot pressed and fired MgO 
specimens tested in the as-fired condition are shown for comparison. Chemically polished 
extruded specimens were weaker than as sanded specimens. Annealed specimens and a few 
Mg0-2”/o N i O  specimens are included, 
Microscopic examination of the fracture surfaces frequently revealed thut both fracture 
ridges or steps several grains wide, and microscopic cleavage steps on individual grains, 
a l l  pointed to a single grain or area of a grain, as shown in Figure 10, indicating a 
probabie origin of fracture: While such origins were frequently several grains inside of 
ihe tensiie surface ot the specimen, others were at the surface or comers--oftm near 
possible iiaws (see figure 11A) or near the edge of flaws extending in from the tensile surface 
(see Figure l l B ) ,  The latter were seen most frequently in chemically polished specimens. 
Grain size was measured by counting grains along straight lines near the origin on the 
fracture surface. 
Selection of only those specimens without apparent flaws, and appearing to have fracture 
origins away from comers or the tensile surface substantially reduced the data scatter as 
shown in Figure 12, The best hot pressed and fired M g 0  data i s  again included for 
comparison. Such selection eliminated al l  but two chemically polished specimens, The 
few annealed specimens tested showed about the same distribution as unannealed specimens. 
* Note: Adequate lighting forsuch photos could be obtained only at magnifications of 
lOOX or more, Thus, many photos had to be taken to show a significant area of the 
specimen. Varying focus from photo to photo, required by the complex fracture 
topography often makes the large ridges less distinct in the composite picture than ir 
actual observation 
4 
. 
DISCUSS I ON 
I -  
Lack of cracking in the smallest (1 " diameter) bil lets of M g O - l l  implies that a thicker 
wall can i s  beneficial either by reducing shear on the ceramic or its cooling rate. Successful 
extrusion into the heated catch tube and subsequent cmtrolled slow cooling enables 
isolating the cooling parameter, thus identifying the source of cracking. Another multi- 
diametei extrusion w i l l  be performed with controiied catch tube cooling to determine the 
importance of the two parameters, should i t  be required. 
CaO stabilized Zr02 sxtruded successfully in agreement with previous indications (2 ) . 
The depth of Iso!c~ted t~ng:te:: ~=:tic!z iicciiiieiice iii the extruded Zt02 may be increased 
by particle5 near h p  sgrfcce h o ~ n n  rnr r :eA f1trtL-r nrrnrr  +L.. - c c _ c ^ ^  A:..- -l..-:-- - 1:-l.:-- --.. .-.. l", . I . C I  U*'Y.).. I I ' G  *.Iuaa ~ C L l 8 U I 1  u u l 8 l I y  puI1all~lly. 
The lack of observnble difference in impurity, Zr, G; Ca distiibiition between the dark 
surface and brown interior indicate that this variation i s  due either to levels of concentration 
variation beyond probe detectability, of oxygen content, or of crystal structure. 
Transverse cracking during sawing, and elimination of this by annealing indicate that 
extruded MgO has residual stress, which suggests that slower cooling should reduce cracking. 
This annealing i s  occurring in the same 1100-12OO0C range reported by Rice and Hunt (5), 
for pmbable comp!etion of :ec:ystalliiatia of extriided MgO and thus may be related. 
Chemical polishing improves single crystal M,gO ductility . Boeing studies indicate chemically 
polished hot pressed MgO bodies have strengths up to 20% higher than as-fired surfaces, 
while specimens sanded to a 600 grit finish have strengths as much as 40% lower than the 
as-fired (after hot pressing)specimens. Thus the reduction of extruded MgO strengths as 
a result of chemical polishing i s  surprising 
polishing introduces flaws by affecting the residual stresses or opens and increases the size 
of pre-existing flaws (probably from residual stress) in the unannealed extruded specimens. 
Two possible explanations are that chemical 
Since the extruded specimens were tested with sanded surfaces, the represented extruded 
strengths may be lower than their true value, However, the hot pressed bodies have some 
slight porosity, which was generally greater than any porosity in the extruded specimens. 
Thus, the measured hot pressed strengths are also lower than would be obtained from specimens 
having the same density as the extruded M g 0 ,  
These two effects both reduce strength, making relative comparisons between hot pressed and 
extruded specimens valid. Since the magnitude o f  these effects are not exactly known, 
a more detailed analysis wi l l  be required to accurately determine the extent and cause of 
the differences i n  strength. The unique feature of being able to la ate the probable origin 
of  fracture wil l be valuable in such a determination. 
the present analysis are judged to be real and due at least in part to hot working effects. 
The present data indicates approximate strength-grain size relationships as follows: 
However, the differences indicated by 
Hot Pressed MgO 
Hot Extruded MgO 
S = 1.17 x lo5 G'.417 psi 
S = 1.83 x lo5 G--437 psi 
where G i s  the grain size in microns. 
5 
These results indicate a significant increase in strength over Vasilos', et al ") results 
of S 0,5 x IO5 C--Il6. I t  i s  interesting to note that the hot pressed and extruded data 
have about the same slope which suggests the same mechanism of fracture. These slopes 
are much closer to -0,5, which would be expected for either a Grif i th (where crack size 
is related to grain size)or adislocation mechanismof fracture. This data also shows the 
importance of reducing grain size to obtain higher strengths 
6 
CONCLUSIONS 
The present work leads to the following conclusions: 
Hot extrusion improves the strength of M g 0 ,  
Crack free MgO extrusions can be obtained. 
Cra~klng IS due either t~ =xce~~: \#e  c=lIfig o i  ~ h ~ r  In eeiamic, with 
data indicating the fn-er" 
Extruded M g 0  has residual stresses. 
These residual stresses can be relieved by annealing at 120OOC for 1 hour. 
Hot extrusion of Z r 0 2  (CaO stabilized) improves the homogeneity of CaO 
distribution and gives little can reaction or contamination. 
FUTURE W R K  
Motion of the extruded bi l lets w i l l  be controlled so they come to rest in the heated 
section of the catch tube, allowing evaluation of cooling parameters. If necessary, 
another multidiameter extrusion w i l l  be made, but into the heated catch tube, Then 
the largest billet diameter allowing crack free extrusion in a giver! can w i l l  be selected 
to obtain the most extruded material for evaluation with the least likelihood of any 
surface effects. Extrusions containing Al2O3, MgAI2O4, md possibly Z r02  w i l l  be 
made using the best possible cooling control. 
Simuitaneously, evaluation of fracture of extruded bodies w i l l  continue. Further 
reduction in the resuitant extruded grain size w i l l  be sought to increase strengths 
and extend the strength-grain size data over a greater range for greater accuracy. Both 
fabrication and extrusion parameters w i l  I be investigated to reduce resultant grain size. 
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FIGURE 3 MULTIDIAMETER EXTRUSION MgO - 11 
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R 
FIGURE 4 EXTRUSION Mg0-12 
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FIGURE 5 EXTRUDED ZrO2 (2-1-3) 
(B) Longitudinal Section 
L 
3.6" 
Extrusion Direction 
(A) Transverse Section, 
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B. 
Extrusion Direction 
FIGURE 6 GRAIN STURCTURE OF EXTRUDED ZrO2 (2-1-3) 
(A) Transverse Section (B) Longitudinal Section 
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FIGURE 7 W O  HARDNESS INDENTATIONS (10 Gm Load) ETCHED 
IN BOILING CHROMIC ACID. 
(B) (100) Cleavage Surfaces of Extruded MgO (Polycrystalline ). 
(A){lOO)Surfaces of a Bi-Crystal 
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FIGURE 8 FRACTURE IN CUTTING UNCRACKED EXTRUSIONS. 
Sections of M-3- 5 (MgO- 11 ) . (A) Transverse Section, 
( B )  Longitudinal Sect-ion Note Transverse Fractures 
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FIGURE 10 SAMPLE EXTRUDED MgO FRACTURE 
(A) Survey of Fracture Origin of Bend Test  Specimen 
From Extruded Billet M-1-15 
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FIGURE 10 (cont.) SAMPLE EXTRUDED MgO FRACTURE 
(B) Sketch of Fracture Surface 
(C) Photo of Probable Origin 
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FIGURE 11 PROBABLE F L A W  INDUCED FRACTURE IN EXTRUDED 
MgO. (A) Sample From Extruded Billet M-1-10, Tested 
As Sanded. Note Probable Flaw At Specimen Corner Where 
Fracture Originated. (B) Sample From Extruded Billet 
M2N- 1 - 6 Tested After Chemical Polishing in Boiling H3PO4 
Note Two Regions of Apparent Attack By H3PO4 
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APPENDIX 
BILLET VACUUM HOT PRESSING PROCEDURE B (WITHOUT LiF) 
Powder i s  directly loaded into the die from sealed bottles, without cm) prior 
milling unless milling was previously used to mix alloy agents. Pyrolytic 
graphite spacers are used betwen the rams cnd the specimen when graphite 
dies are used. 
The powder i s  cold pressed at lo00 - 2000 psi 
After at least 6 hours at 
in about 30 minutes. Temperatures are measured by a thermocouple located 
in the die wall about 0.75" from the inside die surface and about 1 " above 
the specimen 
- 10-5 Torr the die i s  heated to 90O0C (1650OF) 
Starting at 950OC (1740OF) the ram pressure i s  built up to 5ooo psi over a 
period of about 2 minutes. 
A temperature of 1315OC ( 2 4 0 0 O F )  is then reached in about 20 minutes, while 
maintaining the ram pressure at 5OOO psi. 
Pressing conditions of 1315OC and 5000 psi are held for 15 minutes with vac um 
chamber pressure averaging about 1 Om2 Torr 
The induction heating power i s  shut off and the ram pressure released over a 
period of about 1 minute. 
The die i s  removed from the vacuum hot press after cooling for two to four 
hours 
The specimen i s  ejected from the die at a temperature of 400°C or less. 
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